Although human psychophysical results show that motion parallax and stereopsis are both effective depth cues, it is not clear whether the same is true for non-human primates. As an initial step, we assessed the extent to which rhesus monkeys are capable of processing depth information based solely on motion parallax as compared with stereopsis. We constructed a unique display that enabled us to provide depth cues by either stereopsis or motion parallax or both. Our results show that monkeys can process depth information conveyed both by motion parallax and stereopsis. As in humans, motion parallax was somewhat less effective for depth discrimination than was stereopsis. These findings prepare efforts for assessing how motion parallax and stereopsis are co-processed in the visual system.
Introduction
Motion parallax is a sensitive and extensively utilized monocular depth cue that arises by virtue of the fact that objects at various distances from the observer move at different velocities on the retinal surface whenever there is translational motion. 1 The similarity of perception of the 3-D world through motion parallax and stereopsis was first noticed by Helmholtz (1909) . Systematic comparison of the effectiveness of the two cues was carried out by Rogers and Graham (1979) using random-dotpatterns. These authors reported that simulated parallax displays produced ''a compelling impression of threedimensionality not unlike that found with binocular stereopsis''. They also observed that the two depth cues are interchangeable under certain circumstance: a depth aftereffect produced by prolonged viewing of stimuli specified by one of these cues can cancel the percept specified by the other (Rogers & Graham, 1982) .
Usually stereopsis and motion parallax cues are available simultaneously from the visual input, and the depth percept is a result of the interaction between the two cues (and other depth cues). Such interaction has been reported in a number of studies (e.g. Bradley, Qian, & Andersen, 1995; Johnston, Cumming, & Landy, 1994; Lankheet & Palmen, 1998; Nawort & Black, 1989; Rogers & Graham, 1982) . When matching the amount of depth seen in a translating corrugation specified by different amounts of motion parallax and binocular disparity, the amount of parallax has little effect on perceived depth when disparity is larger than 8 0 arc (Rogers & Collett, 1989) . For small amplitude disparity, perceived depth increased with increasing parallax. They also reported that at zero disparity, the matched depth was about 50% of the depth specified. The authors explained this observation with a linear summation model. On the other hand, complicated interactions between motion parallax and stereopsis, such as between-cue cancellation of aftereffects (Rogers & Graham, 1982) , sub-threshold summation (Bradshaw & Rogers, 1992) , cue cooperation (Johnston et al., 1994; Lankheet & Palmen, 1998; Nawort & Black, 1989) and between-cue threshold elevation (Bradshaw & Rogers, 1993) , indicate that the processing of motion parallax and stereopsis involve non-linear mechanisms.
Based on these psychophysical studies, several computational models have been proposed for various combinations of different depth cues, including Maloney and Landy's (1989) statistical framework and Bulthoffe's (1991) Bayesian framework. One of the most powerful tools for evaluating these models and for determining how visual information is processed by the brain is single-cell recording in trained, behaving animals. Numerous studies have contributed to our understanding of how stereopsis is processed (Barlow, Blakemore, & Pettigrew, 1967; Cumming & Parker, 2000; DeAngelis, Ohzawa, & Freeman, 1991; DeAngelis, Cumming, & Newsome, 1998; Nikara, Bishop, & Pettigrew, 1968; Poggio & Fischer, 1977; Poggio & Talbot, 1981) , only a few studies so far have examined the processing of motion parallax (Allman, Miezin, & McGuinness, 1985; Nakayama & Loomis, 1974) . Since cellular responses are available only from non-human animals, it is important to assess the behavior parallelism between those animals and humans before any nonhuman cellular results can be used to interpret human behavior. In this paper, we determined the extent to which rhesus monkeys are capable of perceiving motion parallax and stereopsis.
Methods

Visual stimuli
The display we devised is a random-dot array (stereogram) that can be used to provide either motion parallax or stereo cues, or both in unison (Fig. 1) . Such a random-dot array evokes a vivid depth percept without the contamination of monocular depth cues (Blakemore & Julesz, 1971) , and enables easy manipulation of relative motion without introducing luminance cues. The visual stimuli were generated by a personal computer through a TIGA graphics board (Number Nine Co.) and were presented on a Trintron (Multiscan 20se, Sony) monitor with a refreshing rate of 60 Hz.
The stimuli we used were designed to give a percept of a rigid, three-dimensional object rocking back and forth about a central axis. The target rectangle, made visible by disparity and/or differential motion velocity, is indicated by the yellow rectangle in Fig. 1 . The position of the surface patches could be specified by input parameters. The dot density was typically 30%. The size of the dots ranged from 0:12 Â 0:12 deg 2 to 0:19 Â 0:19 deg 2 . A movie of two side-by-side displays was created, with each display projected separately into the left and right eyes. The display time of the stimulus was carefully chosen to be a multiple of the time for single rocking cycle. Thus, the total movement presented summed up to zero, which ensured the responses were not due to the global background motion. To create differential depths, the dots forming the rectangle were made either to be disparate, thereby providing stereo cues, or were moved at differential velocities to provide motion parallax cues. This display provides an excellent depth percept with either disparity or motion parallax and has the benefit of easily providing them simultaneously or separately for any chosen depth level. When viewing the stimuli, human observers report a vivid depth percept. A demonstration of the parallax display is available for viewing at http://web.mit.edu/bcs/schillerlab/. The amplitude of the relative depth in the stimulus was first converted to the z-offset (Fig. 1) , and then to degrees of arc (which ranged from 0.84 to 10.1 min of arc, at the viewing distance of 57 cm) before the response curves were drawn and compared.
Psychophysical tasks
The behavioral tests to determine how well monkeys can utilize the stereo and or motion parallax cues in this display were carried out on two monkeys C, M (Macacca mulatta).
2 All experiments were carried out in accordance with the guidelines of Department of Comparative Medicine at MIT regarding the care and use of animals for experimental procedures. During the experiments, monkeys were seated in a primate chair positioned 57 cm from the screen with their heads Fig. 1 . A schematic illustration of the stimulus used in the psychophysical experiment. The left of the diagram is a computer generated dynamic random-dot stereogram. Dot density is 30%. The stimulus is designed to give a percept of rigid object rocking back and forth along a central axis. The depth of the target patch can be specified according to motion parallax, disparity, or both. To mimic the retinal image, all the random dots are projected to a projection plane, as illustrated in the right portion of the diagram. The distance between the eye and the screen, D, is 57 cm. The projected position (A 0 ) of each dot is calculated from relative depth Z and the rocking angle.
restrained. The display was viewed by the monkeys through a Wheatstone stereoscope. Two kinds of psychophysical tasks were used; one involved detection and the other discrimination. In the detection task, there was only one surface patch made visible with either parallax or stereo cue as target. In the discrimination task, four surface patches were shown, and one (the target) was at a depth plane different from the other three (the distractors). Only monkey C was tested using discrimination tasks. Monkeys typically preformed 800-2000 trials per day. Each trial began with the appearance of a small central fixation spot. After monkeys fixated, the target and distractors were presented. Saccadic eye movements made to the target were assessed using a scleral search coil (Robinson, 1963) . A drop of apple juice was rewarded for each correct response. The rectangular area that comprised the target was made to appear at different depths relative to the background by systematically varying the degree of disparity or the differential velocity of the dots within the area.
In most trials, the stimulus was viewed binocularly. However, since motion parallax is a monocular depth cue, different viewing conditions (i.e., binocularly viewed vs. monocularly viewed) may affect the perceived depth. To test the influence of viewing condition on motion parallax, we used three different viewing conditions during the motion parallax experiments, namely, binocularly viewed, left-eye-viewed and right-eye-viewed conditions. For the binocularly viewed condition, two identical images were presented to each eye. Therefore no stereopsis information was available, even though the stimulus was viewed binocularly. At the beginning of each trial, monkeys were required to maintain fixation at the center of the display to ensure proper fusion of the two images. For the left-eye-viewed or right-eyeviewed conditions, only one image was displayed to left or right eye respectively. The visual field of the other eye was just blank screen at background luminance.
Data collection and analysis
The reaction time (time between stimulus onset and monkey saccade to the target window) and percent correct were recorded by a PDP-11 computer (Digital Equipment Corp.) to evaluate the monkey's performance. Data analysis was conducted with analysis routines written in MATLAB (Math Works Inc.). Part of the ANOVA tables were obtained using the spreadsheet Excel (Microsoft, 1997).
Results
Both monkeys successfully performed psychophysical tasks on the motion-parallax-defined depth. Two-way ANOVA tables (Table 1) show that monkeys' responses (both percent correct and reaction time) changed with depth amplitude specified by motion parallax.
Detection task: In the detection tasks, only one target was displayed per trial at one of four possible target locations. The monkeys were required to make a saccade to the target as soon as the target appeared on the screen. Depth amplitude in the visual stimuli could be specified by stereopsis alone, motion parallax alone, and both. Two-way ANOVA was carried out to test the influence of depth source and depth amplitude (see Table 1 for summary). In all cases, monkeys' responses (both percent correct and reaction time) changed with depth amplitude specified in the input. The left and right column of Fig. 2 shows mean percent correct and reaction time for monkeys M and C, respectively. Except for the case of extremely low parallax (0.84 min arc), both monkeys detected a parallax-defined rectangle above chance level (25% correct). Performance close to 100% correct was achieved over a wide range of depth cues (4.0-10.1 min arc). The reaction time to parallaxdefined stimuli ranges from 180 to 360 ms. Reaction time initially decreased with the increase of the parallax magnitude and reached a plateau at 5.0 min arc.
However, the source of depth, i.e., whether the depth was specified by stereopsis or motion parallax or both, did not affect the responses significantly (Table 1) . Thus, the results from the detection task suggest that motion parallax is an effective cue for depth detection. Through visual inspection, the tuning curves for parallax-defined surfaces resembled that for disparity-defined surfaces. When both disparity and motion parallax cues were provided, as in a natural scene, the response did not improve significantly. For monkey M, the three reaction time curves were substantially overlapped.
For targets defined by motion parallax only, we also tested the influence of viewing condition on responses. Three different viewing conditions were compared: binocularly viewed, left-eye-viewed and right-eye-viewed motion parallax (see Section 2 for details). Results for monkey C and M are shown in Table 1 . For both monkeys, the responses to different viewing condition do not differ significantly.
Discrimination task: The results from the detection task suggest that motion parallax is quite effective as a cue to detect depth order. However, more detailed investigation using the discrimination task reveals that motion parallax is less accurate than stereopsis.
Monkey C was tested on a discrimination task: four rectangles appeared, one of which, the target to be chosen, appeared at a different apparent depth by virtue of greater disparity and/or motion velocity. Table 1 (discrimination tasks part) showed the two-way ANOVA for monkey C's response. Similar to the detection tasks, depth amplitude influenced both the percent correct and the reaction time. However, the source of depth also affects the responses ðp < 0:05Þ in discrimination task. Fig. 3 illustrates relevant data. Discrimination based on parallax cue alone produced significantly lower percent correct (Fig. 3 left) and longer latencies (95 ms, averaged across all conditions) (Fig. 3 right) than did the conditions in which a disparity cue was available. When both parallax and disparity cues were provided (called the ''BOTH'' condition), the response was no better than that to the disparity cue only (see also Fig. 2 for detection tasks). This result does not support the hypothesis Fig. 2 . Performance on detection tasks with depth defined by parallax only (dashed line with star markers), disparity (doted line with square markers) only and both parallax and disparity cues (solid line with diamond markers) from monkey M (left column) and C (right column). Each data point is average of 60-100 trials. In monkey C, the reaction time to parallax-defined depth was slightly longer than disparity-defined depth (17 ms, averaged across all conditions) and both-cue case (28 ms). Error bars are smaller than the marker size. Fig. 3 . Performance on discrimination tasks from monkey C. Conventions are similar to Fig. 2 . The abscissa is depth difference between the target and the other three surface patches. Monkey responded to parallax-defined depth less accurately (27%, averaged across all conditions) and with a longer reaction time (95.2 ms) than that when both cues were provided. Error bars are smaller than the marker size.
that the two cues were integrated with a probability summation, which would predict a better result for the ''BOTH'' condition. Surprisingly, viewing condition had significant influence on reaction time (two-way ANOVA, p < 0:05), as shown in Table 1 . Although in all three viewing conditions monkeys took longer to respond when the depth difference decreased, reaction time for binocularlyviewed condition was over 150 ms longer for motion parallax amplitude of 2 min arc. More detailed analysis reveals that the difference in the responses was induced by monocular viewing vs. binocular viewing (Table 1 , p < 0:05) instead of by the imbalance between the two eyes. The percent correct was not affected by viewing conditions.
Tasks with cue conflict: In the above tasks, the parallax and disparity magnitude were consistent with each other, which is the most common case in a natural scene. The dynamic random-dot stimulus enabled us to manipulate the parameters to generate a stimulus with conflicting parallax and disparity cues. The response to such a stimulus is shown in Fig. 4 . In the left plot, disparity-tuning curves at three different parallax levels (1.6, 3.7 and 8.4 min arc) are plotted. The three curves are almost the same, decreasing with an increase in depth amplitude. When both cues were provided, the disparity amplitude determined the reaction time and percent correct. The right plot is the counterpart to the left one; i.e. the parallax tuning curves at three different disparity levels (1.6, 3.7 and 8.4 min arc). In contrast to the left plot, the curves are almost flat in these cases. The reaction time and percent correct shift with disparity and are less dependent on parallax amplitude. Two-way ANOVA confirmed the observation. In percent correct and reaction time, both stereopsis and motion parallax amplitude influenced the result (ANOVA, p < 0:05). Furthermore, upper one tailed F-test shows that the effects of stereopsis were larger than those for motion parallax (p < 0:05, F ð5; 5Þ ¼ 7:51 for percent correct; p < 0:05, F ð5; 5Þ ¼ 10:78, for reaction time;), indicating that the stereo cue contributes more in accurate depth judgment. For the percent correct, there was betweencue interaction at a significant value (two-way ANOVA,
Most of our experiments tested the monkeys' responses to a target closer to the observer than the distractors. As a control, we also tested the monkeys' ability to discriminate targets that were further away than the distractors. Since the monkey was over-trained for the normal condition (target closer than distractors), it took about one hour training to teach the monkey to do the discrimination task appropriately. The responses, as shown in Fig. 5 , were similar to those in the normal conditions. 
Discussion
The psychophysical results we presented extend the findings obtained in humans (Rogers & Graham, 1982) . Our results showed that motion parallax is an effective depth cue in monkeys. First of all, both monkeys tested responded to motion parallax, as demonstrates by the fact that they successfully detected the motion parallax defined surface patches. Second, comparison of responses to motion parallax and stereopsis indicates that motion parallax is a less powerful depth cue than stereopsis (as shown by the one tailed F-test). Third, monkeys' responses to stimuli exhibiting conflict between motion parallax and disparity show a significant between-cue interaction. The psychophysical result resembles previous human data (Rogers & Graham, 1979 ). This interpretation excludes the possible explanation that monkeys perform the motion parallax related tasks solely based on velocity difference instead of depth, because successful discrimination requires the monkey to see the stimulus in depth. These results confirm the assumption that humans and primates share similar mechanisms for depth perception, providing a solid foundation for further physiological study.
Motion parallax is a special form of structure-frommotion (SFM) (Durgin, Proffitt, Olson, & Reinke, 1995; Paradis et al., 2000; Richards, 1985) . SFM refers to reconstructing 3-D shape of objects from the relative 2-D motion of their parts. Both motion parallax and SFM are based on the rigid body constraint. While any motion, such as perspective effects and accelerations, can be studied under the name of SFM, motion parallax only concerns translational motion. Consequently, our results are largely in agreement of related reports from SFM studies, e.g., smooth surfaces were perceived from discrete random-dots (Treue, Andersen, Ando, & Hildreth, 1995; Treue, Husain, & Andersen, 1991 ; on SFM surface interpolation). In their studies of SFM (Treue & Martinez Trujillo, 1999; Treue, Hol, & Rauber, 2000) using random dots to simulate a transparent rotating cylinder, Tuere and his colleagues concluded that motion-defined surface cannot define the direction of depth, although it can be perceived to have solid depth. The discrepancy probably lies in the difference of the stimulus used. Our stimuli simulate non-transparent surfaces. The non-transparent introduces interposition to constraint the direction of depth. To human eyes, the direction of depth is uniquely defined and never reverses during the trail. This interposition cue is not available when the stimulus remains stationary. Since we are not emphasis our experiments on surface interpolation, we use optimal dot density and dot lifetime (>100 ms) to ensure smooth perception of surfaces. Our stimuli are more similar to the procedure used in Graham (1979, 1982) ; motion parallax experiments, where they yoked the random-dot-stimuli of a corrugated surface to the head movement of a subject. We simulated an object-induced motion parallax (or motion parallax without head movement, Ono & Steinbach, 1990) using discontinuous surface patches. The great similarity between our results and previous results using motion parallax with head movement suggests that observer-induced and object induced motion parallax share the similar neural mechanisms.
Slightly different results were obtained for detection task and discrimination tasks. Significant influences of the depth source were observed in the discrimination but not in the detection trials. This is probably rooted in the natural differences between the two tasks. Discrimination trials use a more complicated stimulus with distractors and require the animal to compare different depth values simultaneously, therefore are more difficult and usually have a higher threshold (Fahle, HenckFahle, & Harris, 1994) . Indeed, comparison of the percent correct on detection (Fig. 2 ) and discrimination tasks (Fig. 3) shows that most of the depth range used in the experiments was supra-threshold for the detection but not for the discrimination tasks. Thus, one interpretation of our result is that the difference in the effectiveness of parallax and stereo cue becomes obvious only for sub-threshold or close-to-threshold stimuli. This is not a new observation. Rogers and Graham (1979) has reported that motion parallax contributes most when the depth amplitude is very small. Our results on the task in which parallax and disparity were placed in conflict showed that in the depth range we investigated, stereopsis usually dominated over motion parallax in depth percept, as shown in Fig. 4 . Both reaction times and percent correct were more highly correlated with stereoscopic depth information than motion parallax depth cue. Changes in motion parallax led to smaller changes in monkeys' behavior. This observation is consistent with human previous psychophysics results (Rogers & Graham, 1979) , and indicates that stereopsis carries more weight in the between-cue interaction. This view is also supported by our result for different viewing conditions.
Viewing condition (binocularly vs. monocularly viewed) also influenced the reaction time in the discrimination task, although percent correct performance was not affected. The observed difference may be due to the fact that under binocular viewing, but not under monocular viewing, there is a potential cue conflict when disparity and parallax signal different depths. Under such conditions the brain might take a longer time to integrate the conflicting inputs that arise under the binocularly-viewed conditions. However, correct judgments were still reached so no significant difference was seen in the percent correct for different viewing conditions.
We wish to exercise caution regarding the claim that primates are more sensitive to stereopsis than motion parallax. First of all, the depth range within which motion parallax and stereopsis interact with each other is limited. At the upper limit, when the parallax value is large, the depth percept will be overridden by motion percept (Ono, Rivest, & Ono, 1986) . For disparities that can evoke comfortable depth percepts the corresponding motion parallax amplitude will be too large and will be perceived as motion instead of depth. The fact that depth perception benefits the most from motion parallax at close-to-threshold values suggests that motion parallax and stereopsis may have a different optimal depth range: stereopsis functions best for supra-threshold depth while motion parallax shows optimal effect for close-to-threshold depth. One cue therefore weights more than the other in its optimal depth range. This view suggests a non-linear interaction between the two cues, where the weight of each cue changes with the depth amplitude.
Based on this hypothesis, it is not surprising that stereopsis was dominant in our study, since the depth range we tested is closer to the range where stereopsis shows optimal effects. In our experiments, the depth used ranged from 0.84 to 10.1 min arc for motion parallax, and 1.68 min arc to 10.1 min arc for stereopsis, which was well above the threshold. Threshold for motion parallax with slow head movement is about 0.5 min arc (Ujike & Ono, 2001) ; stereoacuity threshold of 0.2-0.5 min arc is recently reported by Glennerster and Mckee (1999) . The lower limit was given by the hardware limitation--one pixel size on screen was the smallest stereopsis step we could get. We chose the upper limit of the depth range carefully to keep it in the range of effective motion parallax. To the human observer's eye, all stimuli used were in depth instead of evoking motion percept. For a lower depth range close to threshold, according to the hypothesis, we would expect the reverse result with motion parallax dominating over stereopsis. Unfortunately, due to hardware limitation, we could not test this hypothesis directly in our experiments.
In summary, behavioral tests showed that monkeys can use motion parallax as a depth cue. Within the depth range tested, perceived depth based on motion parallax alone is less accurate and takes more time to process. When in conflict, stereopsis tends to dominate over parallax cues. Our data also imply that the interaction between stereopsis and motion parallax in depth perception is non-linear, indicating a possible interaction between these two cues at an early stage of cortical visual processing.
